The South-eastern Area (SA) of the Municipality of La Spezia (Liguria Region, Italy) is characterised by a heavy environmental lead (Pb) contamination, chiefly due to the emissions of a Pb-processing plant in operation since 1930. In order to assess the risk of Pb poisoning of residents of SA, and to estimate the degree of association between the blood Pb level (BLL) and haematocrit % (HCT), intended as a biomarker of early haematological dysfunction, we reanalysed data of 785 individuals collected in 1992 as a part of a larger national biological monitoring project. Multiple normal regression modelling was applied to estimate the role of residence on log-transformed BLL, and Median Ratio (MR) was used as an index of effect. The same statistical modelling was also applied to reveal the relationship between HCT and BLL. Allowing for several confounders (including occupational exposure to Pb), residents of SA showed a 14% increase (MR ¼ 1.14, 95% IC ¼ 1.06-1.23%) in the median BLL value compared to people living outside SA. The excess reached 27% (MR ¼ 1.27, 95% IC ¼ 1.14-1.41%) after 30 years of residence. Parallel results were also obtained in a subgroup composed only of pupils (o18 years, non-smokers, non-drinkers). Finally, regression analysis highlighted a statistically significant parabolic trend in HCT in relation to BLL. The non-linear dose-response relationship, which attests to an adverse effect on the erythrocytic function of BLLs at least over 17.00 mg/dl, is in agreement with the findings of other authors and consistent with the results of an excess occurrence of self-reported anaemia obtained from a previous comparative survey carried out on the same population.
Introduction
Over the past decade, industrialised countries have been subject to much lower levels of environmental lead (Pb) contamination owing to the legal restrictions on industrial emissions and the widespread use of unleaded petrol (Furman and Laleli, 2001) . Although a sustained and sizeable decrease in human body Pb burden has been observed at the same time (Gottlieb, 1998) , scientific interest and concerns among public health researchers and epidemiologists over the long-term negative potential of Pb contamination have not abated. In particular, attention has focused on reproductive, genotoxic, carcinogenic, and neurological effects (Fu and Boffetta, 1995; Apostoli et al., 2000; Hertz-Picciotto, 2000; Lorente et al., 2000; Ojajarvi et al., 2000; Pesch et al., 2000; Restrepo et al., 2000; Schwartz et al., 2000; Silbergeld et al., 2000) . For these reasons, populations exposed to environmental Pb deserve to be monitored in order to detect early reversible abnormalities and lifethreatening disorders and, as a corollary result, to improve the scientific knowledge on the biological impairments attributable to Pb burdens.
It is well-known that Pb, which is mainly absorbed into the blood plasma via gastrointestinal and respiratory tracts (Mahaffey et al., 1992) , is able to affect the erythrocytic function through a reduction of haeme biosynthesis and increased demolition rate of red blood cells, as well as to induce a sub-clinical anaemic condition at least in individuals with higher blood Pb level (BLL) (Hillman, 1998) . In this context, haematocrit % (HCT) might be used both as a specific biomarker of early reversible adverse effects and as an intermediate end point of more severe health outcomes.
The environmental setting under observation is represented by the south-eastern area (SA) of the Municipality of La Spezia (Liguria Region, Italy), which is characterised by heavy ground pollution of Pb dust emitted mainly by a Pbprocessing plant (PbO) that has been active since 1930. Unpublished measurements of Pb in lichens carried out in 1994 by the local Environmental Protection Agency (ARPAL) revealed an average concentration of almost 200.0 mg/g dry weight, which was the highest value registered in the whole Municipality (Figure 1 ).
During 1992, the Province of La Spezia (nearly 190,000 inhabitants) was included in a national biological monitoring campaign of the general population against the risk of Pb poisoning carried out by the Italian National Institute of Health (INIH campaign) (Neri and Palmieri, 1998) . The survey was designed to estimate the prevalence of poisoned individuals, regardless of the Pb source (traffic, factories, mining and recycling plants, etc.).
By using information from the INIH campaign, we sought both to assess the risk of Pb poisoning of residents in SA compared to that of subjects residing elsewhere in the same Province, and to evaluate the presence of early haematological impairments plausibly attributable to BLL.
Methods
The INIH campaign data included characteristics on lifestyle, demographics, occupation, and health, collected through a structured questionnaire on 927 individuals residing in the Province of La Spezia. During the interview, a blood sample was also taken from respondents. Among the haematological parameters, HCT was the only biomarker useful for analysis. Complete information was obtained for 785 individuals (84.7%). These were geo-referenced according to their residence in 1992 and classified as residents or non-residents in SA. Finally, a job-exposure matrix, defined in the INIH campaign protocol, was used to classify subjects as professionally exposed or non-exposed to Pb.
In order to estimate the effect of residence on BLL, and BLL on HCT, adjusted for the possible confounding effect of a number of covariates, multiple regression modelling (Kleinbaum et al., 1998) was applied to the response variables (BLL or HCT). Final models were obtained by a backward hierarchical non-automatic selection of confounders, including power and interaction terms. Covariates were removed from the model on the basis of their influence on the estimates of the study predictors (residence or BLL), and their statistical significance (two-tailed partial F-test). Leverage, influence, and residual measures were used as goodnessof-fit indices to evaluate the adequacy of each model. In particular, a non-parametric smoother (lowess) (Cleveland, 1979) was used to highlight specific patterns in the residual scatter-plots. For each parameter estimate, 95% confidence intervals (95% CI) were calculated, and to show the explanatory power of each model the coefficient R 2 was computed. In view of the right-skewed BLL distribution, data were log-transformed. In the regression analysis, the result of this transformation leads to estimate a measure of effect referred to as the Median Ratio (MR) (Miettinen, 1985) : for a categorical predictor, MR represents the expected median of BLL in a category divided by the same index of the reference category. Data were analysed using SAS statistical software (SAS Institute Inc., 1997).
Results

Blood Lead
The univariate analysis of the BLL distribution (Table 1) revealed that residents of SA displayed a BLL geometric mean value (9.13 mg/dl) higher than that of the other subjects (7.73 mg/dl). In particular, when the duration of residence was greater than 30 years, the BLL geometric mean was 11.62 mg/dl. Also, 37.1% of the whole sample had a value higher than 10.00 mg/dl, which is currently considered as the threshold of biochemical and sub-clinical abnormalities (Markowitz, 2000) . BLLs appreciably higher than threshold were also observed in subjects professionally exposed to Pb for more than 13 years, those aged 50 years or more, and those who were heavier alcohol drinkers (420 g/day). The univariate relationships were confirmed by multiple lognormal regression analysis. Specifically, after allowing for confounding and using non-residents as the reference category, residents of SA showed a 14% increase in the median BLL value (MR ¼ 1.14, 95% CI ¼ 1.06-1.23) (data not shown), which reached 27% after 30 years of residence (MR ¼ 1.27, 95% CI ¼ 1.14-1.41) ( Table 2 ). Occupational exposure to Pb was also a significant predictor of BLL: compared to non-exposed subjects, after 13 years spent in a Pb-related activity, the estimated median excess in exposed individuals was 32% (MR ¼ 1.32, 95% CI ¼ 1.16-1.51). Remarkable contributions to the explanation of BLL variability were also given by gender and smoking habit, and steeply rising trends were observed for alcohol consumption and age at blood sampling.
In order to avoid the effect of the possible misclassification of subjects according to occupational exposure to Pb, analysis focused on a subgroup of 86 pupils (36 males and 50 females), aged under 18 years, all of whom were nondrinkers and non-smokers. After adjustment for gender, age and month at blood sampling, body mass index, dwelling floor, and traffic intensity in the dwelling road, a parallel MR point estimate was found for this subgroup (MR ¼ 1.28, 95% IC ¼ 1.06-1.55), with a slight increase after 8 years (median value) of residence in SA (Table 3 ).
Haematocrit
Data breakdown by age and gender showed no significant departures from the range considered normal in the haematological literature (Perkins, 1999) . In particular, 5th and 95th percentiles were 39-49 and 35-44 for males and females, respectively. Although univariate analyses indicated no particular pattern in HCT levels by any indicator of exposure to Pb (BLL, residence, occupation), after controlling for gender, age, and month at blood sampling, smoking habit, milk consumption, health status, and body mass index, normal regression modelling allowed us to estimate a statistically significant parabolic dose-response relationship between BLL and HCT (Table 4, model 1). A similar result was obtained by replacing BLL with the years of residence in SA (Table 4 , model 2). To illustrate, Figure 2 displays the non-linear dependence of HCT on BLL used as a continuous predictor.
Discussion
This analysis had to answer two specific questions: (1) did subjects living in SA show a higher BLL than subjects residing outside SA?; and (2) were the observed BLLs able to induce early haematological impairments in the poisoned individuals? Although the study results seem to yield positive answers to both questions, some comments and reflections deserve to be made. MR ¼ median ratio adjusted for gender, age and month at blood sampling, body mass index, dwelling floor, traffic intensity in the dwelling road.
SA ¼ south-eastern area.
a Estimated baseline median value of blood lead level (mg/dl). 
Blood Lead
Firstly, this analysis was based on data stemming from an investigation (INIH campaign) whose aim was to describe Pb poisoning in the general population, irrespective of Pb sources. Therefore, the design features of the INIH campaign might only partially fulfil the epidemiological requirements of the current study. For this reason, a lack of specific information and the presence of selection factors cannot be entirely ruled out. Residual confounding (i.e., incomplete confounding adjustment) and measurement error in the occupational classification of subjects, performed according to a job-exposure matrix, may have attenuated the effect of professional exposure to Pb on the study outcome and, accordingly, increased the predictive role of other covariates, residence included. For instance (Table 2) , the excess BLL calculated for males compared to females and the steep positive age trend might be the result of this process. Finally, incomplete information on the length of occupational exposure to Pb (47.5% of missing data) might have further aggravated this drawback. Nonetheless, sub-group analysis (Table 3) provided crucial indications on this matter. Actually, because of their age (o18 years), these subjects were not subject to any professional exposure, and their BLL may be attributable to environmental sources, among which the residence in SA resulted to have a prominent role.
Haematocrit
It is well-known that HCT varies according to the kind and severity of a disorder, or owing to treatments received (Hillman, 1998) . Admittedly, the knowledge of subjects' health conditions might have improved the validity of this epidemiological investigation, by modifying to some extent the estimated dose-response relationship. Nevertheless, the exclusion from the analysis of individuals who reported a chronic disorder did not appreciably change this result (data not shown). Furthermore, analysis of regression diagnostics highlighted a good statistical robustness of the estimated parabolic trend. In other words, subjects with the higher BLLs, for example, over 17.00 mg/dl (79, 10.1%), seem to show a progressive and sensitive reduction in the number and/ or volume of red blood cells that might reflect a true haematological dysfunction, such as a sub-clinical anaemic condition. It is noteworthy that this indication is consistent with the results of a previous epidemiological survey conducted on the same area during 1998-1999, whose main finding was an excess prevalence and incidence of self-reported anaemia in residents of SA compared to the control group (Fontana et al., 2000) . Moreover, the non-linear trend estimated in HCT is in agreement with the results of other studies. In particular, on the basis of their investigations, some Authors (Schwartz et al., 1990; Hense et al., 1992; Jacob et al., 2000) pointed out or hypothesised a parabolic doseresponse relationship similar to that found in this analysis.
In conclusion, it can be stated that environmental Pb contamination in SA was one of the major determinants of BLL, which in turn appeared to be related to a haematological impairment. Preventive measures are therefore required to reduce the environmental exposure, to lower the body burden and to control and avoid further detrimental health outcomes. 
